Abstract. Up to 40% of patients with high risk, localized RCC will relapse after nephrectomy and are at risk of eventually succumbing to the disease. Historically, phase 3 clinical trials failed to demonstrate meaningful benefit of adjuvant therapy in RCC, likely because these early trials used treatments that did not demonstrate meaningful clinical efficacy in mRCC. However, the clear clinical activity demonstrated by VEGF-TKIs in mRCC patients renewed the promise of adjuvant therapy. ASSURE, S-TRAC, and PROTECT are the first three trials to examine the clinical efficacy of 1 year of adjuvant VEGF-TKI therapy in patients with high-risk RCC following nephrectomy. In this review we reconcile the results of these studies and explore the future of adjuvant RCC therapy.
INTRODUCTION
While the survival of patients with metastatic renal cell carcinoma (RCC) has improved dramatically over the past decade due to the successful clinical development of targeted therapies and checkpoint inhibitors, advanced and metastatic RCC remains a lethal disease with significant cancer-and treatmentrelated burdens. Fortunately, just 20% of patients with RCC present with metastatic disease at the time of initial diagnosis. However, up to 40% of patients with localized or locally advanced RCC will relapse * Correspondence to: Won Kim, MD, University of California, San Francisco, San Francisco, CA, USA. E-mail: won.kim@ucsf.edu.
following surgery and are at risk of succumbing to the disease [1] . Thus, there has been much effort expended to attempt to reduce the risk of relapse in patients with RCC, particularly in those with the highest risk of relapse.
Historically, multiple clinical trials failed to demonstrate clinical benefit of adjuvant therapy in RCC (Table 1) . However, this was thought to be due to the fact that these early attempts at adjuvant therapy used treatments that did not demonstrate clear and measurable clinical benefit in RCC in other settings, including metastatic disease. The entry of vascular endothelial growth factor (VEGF)-targeted tyrosine kinase inhibitors (TKIs) into the routine care of advanced RCC, particularly clear cell disease, renewed the promise of adjuvant therapy. The purpose of this review is to examine the data from recent adjuvant trials of VEGF-targeted TKIs and to explore the future of adjuvant therapy in RCC.
RISK STRATIFICATION
The majority of patients with localized RCC are cured with surgical resection, either radical or partial nephrectomy. Thus, surgery remains the gold standard of treatment in this patient population. The primary tumor classification (T-stage) serves as a prognostic marker of cancer-specific survival (CSS). For example, the 5-year CSS for patients with pT1 and pT2 disease are >90% and 70%, respectively. However, for patients with pT3 disease, the 5-year CSS drops dramatically to 30-50%, and further drops to approximately 20% for patients with pT4 disease [2] . Thus, most adjuvant trials in RCC have focused on patients with at least T2 disease.
Another risk stratification method for nonmetastatic RCC following nephrectomy involves prognostic modelling such as the UISS scoring system [3] and the Leibovich prognosis score [4] . While these and other nomograms for nonmetastatic disease [5, 6] are able to risk-stratify patients into low-, intermediate-, and high-risk groups, there are subtle and important differences that should be noted. For example, the UISS score includes TNM staging, performance status, and Fuhrman grade, while the Leibovich score includes T stage, N stage, tumor size, Fuhrman grade, and tumor necrosis. UISS low-, intermediate-, and high-risk patients have 5-year CSS of 91%, 80% and 55%, respectively. Leibovich low-, intermediate-, and high-risk patients have 5-year metastasis-free survival of 97.1%, 73.8%, and 31.2%, respectively. It is also important to note that these prognostic models were developed and validated using retrospective patient cohorts and thus subject to limitations of such methodology. Adjuvant clinical trials using these prognostic models have largely focused on patients with intermediateto high-risk disease.
Early adjuvant studies, as well as the adjuvant studies discussed in depth in this review have utilized different methods for risk stratification for clinical trial eligibility. In fact, there is no consensus on what constitutes "intermediate-risk" or "high-risk" disease, and the heterogeneity of patients enrolled in the various adjuvant RCC studies must be considered before delving into the data presented here, and any cross-study comparison must take this issue into account.
EARLY ADJUVANT STUDIES
Early adjuvant studies focused on the use of interferon alfa (IFN-␣), interleukin-2 (IL-2), or the combination. IFN-␣ was the standard of care for mRCC patients prior to the introduction of VEGF-targeted TKIs based on a meta-analysis of 6 prospective clinical trials [7] and served as the control arm in some early studies of VEGF TKIs.
IL-2 received regulatory approval in 1992; however, due to the significant toxicities of therapy, treatment was reserved for younger mRCC patients with good performance status [8] [9] [10] .
As summarized in Table 1 , multiple attempts of using adjuvant IFN-␣ and IL-2 were met with negative results, including trials combining the two immunotherapy modalities as well as combination chemo-immunotherapy approaches [11] [12] [13] [14] [15] [16] . Autologous immunotherapeutic approaches, both tumor cells and vaccines, have similarly failed [17, 18] . Additional adjuvant approaches (including radiotherapy and hormonal therapy) have also failed to demonstrate measurable clinical benefit [19, 20] .
ADJUVANT VEGF-TARGETED TKI THERAPY IN RCC: SUMMARY
Since sorafenib became the first VEGF-targeted TKI to receive regulatory approval for the treatment of advanced RCC in 2005 [21] , 5 additional TKIs have entered clinical practice, having demonstrated improved clinical outcomes in the front-and subsequent-line settings [22] [23] [24] [25] [26] . Given the significant impact of TKIs on the lives of patients with advanced RCC [27, 28] , there was renewed hope that these TKIs may help fulfill an unmet clinical need, in the adjuvant setting for patients at the highest risk of disease relapse following nephrectomy. Here the results of the ASSURE (E2805), S-TRAC, and PRO-TECT studies will be briefly summarized, followed by a discussion of the 3 studies.
ASSURE
ECOG-ACRIN E2805 (ASSURE) was a phase III, double-blind, placebo-controlled trial of adjuvant sunitinib or sorafenib in patients with at least pT1b, resected RCC [29] . Notably, ASSURE, a cooperative group study which accrued patients in the US and Canada, allowed patients with non-clear cell RCC to enroll in the study. Eligible patients, stratified by recurrence risk, histology, and performance status, were randomized 1:1:1 to sunitinib, sorafenib, or placebo for 54 weeks following surgery. In all, 1,943 patients were randomized between 2006 and 2010. After 1,323 patients had been randomized, the starting doses for sunitinib and sorafenib were reduced (sunitinib from 50 mg to 37.5 mg; sorafenib from 400 mg twice daily to 400 mg once daily) due to high rates of treatment related therapy discontinuation. The primary endpoint was disease-free survival (DFS); overall survival (OS) was a secondary endpoint, as were safety and quality of life measures.
Half of all enrolled patients had UISS intermediate high risk disease; the other half had UISS very high risk disease. Two-thirds of patients had AJCC stage III or IV disease. Twenty percent of enrolled patients had non-clear cell histology. After a median follow-up of 5.8 years, there was no significant difference in DFS or OS between the 3 arms. Median DFS for sunitinib was 5.8 years (HR 1.02, p = 0.80), 6.1 years for sorafenib (HR 0.97, p = 0.72), and 6.6 years for placebo. Median OS was not reached in any group: 5-year OS was 77.9%, 80.5%, and 80.3% for the sunitinib, sorafenib, and placebo groups, respectively (HR 1.17 and p = 0.18 for sunitinib, HR 0.98 and p = 0.86 for sorafenib).
Treatment-related toxicity may have had an impact on the study results. By cycle 3, less than half (42% in the sunitinib group and 31% in the sorafenib group) were taking the intended dose of drug due to dose reductions. Prior to the mid-study change in dosing, 44% of patients taking sunitinib and 45% taking sorafenib discontinued therapy altogether. Even after the dose reduction, 34% of patients in the sunitinib group and 30% of patients in the sorafenib group discontinued study therapy. The most common treatment-related grade ≥3 adverse events included hand-foot syndrome (15% and 33% in the sunitinib and sorafenib groups, respectively, vs 1% in the placebo group), hypertension (17% and 16% in the sunitinib and sorafenib groups, respectively, vs 4% in placebo), and diarrhea (10% and 9% in the sunitinib and sorafenib groups, respectively, vs <1% in placebo).
Due to the lack of efficacy and significant toxicities associated with VEGF-targeted TKIs in this study, the authors concluded that there is no role for adjuvant TKI therapy in intermediate to high risk kidney cancer.
S-TRAC
S-TRAC was a phase III, double-blind, placebocontrolled study of adjuvant sunitinib versus placebo for one year (54 weeks) in patients with completely resected RCC [30] . Like S-TRAC, eligible patients were stratified by performance status and recurrence risk. Unlike ASSURE, S-TRAC excluded patients with non-clear cell RCC, and it was a global study, accruing patients in 99 countries. Furthermore, in contrast to ASSURE, only a single dose reduction of sunitinib dosing (to 37.5 mg) was permitted for toxicity. S-TRAC enrolled 615 patients, randomized 1:1 to sunitinib versus placebo, between 2007 and 2011. The primary endpoint was DFS; OS was a secondary endpoint.
S-TRAC used modified UISS criteria, and enrolled patients with one of three risk groups. Group A patients (approximately 91% of those enrolled) had stage 3 tumors; the remainder had either stage 4 tumor (Group B, 1.3%) or loco-regional nodal involvement (Group C, 8%). After a median follow-up of 5.4 years, the median DFS was 6.8 years in the sunitinib group, and 5.6 years in the placebo group (HR 0.76, p = 0.03). At 5 years, the proportion of patients who were disease free were 59.3% and 51.3% in the sunitinib and placebo groups, respectively. OS data was not mature at the time of data cutoff. Median OS was not reached in either group, and the HR was 1.01 (p = 0.94).
Nearly two-thirds (63.4%) of sunitinib-treated patients experienced Grade ≥3 adverse events (compared to 21.7% in the placebo group); 34% of patients who received sunitinib had dose reductions, compared to 2% in the placebo group. Fifty-five percent of patients randomized to sunitinib completed the full treatment, with 28% discontinuing therapy due to AEs.
Based on the results of this study, sunitinib received FDA approval for "the adjuvant treatment of adult patients at high risk of recurrent renal cell carcinoma following nephrectomy" in late 2017.
PROTECT
PROTECT was a phase III, double-blind, placebocontrolled study of adjuvant pazopanib versus placebo for 1 year for patients with resected clear cell RCC [31] . Eligible patients had high grade (Fuhrman grades 3 or 4) pT2N0, any pT3-T4N0 disease, or any pTxN1 disease. Eligible patients were randomized 1:1, stratified by nephrectomy type and TNM stage. Like ASSURE, the study was designed with pazopanib at the maximum daily dose (800 mg once daily); however, due to treatment discontinuation, the dose was reduced to 600 mg once daily, with the option to escalate dosing after 8-12 weeks of therapy. Between 2010 and 2013, 1538 patients were enrolled; 403 patients were randomized while the starting dose of pazopanib was 800 mg once daily (ITT 800 cohort); 1135 patients were randomized after the starting dose of pazopanib was reduced to 600 mg once daily (ITT 600 cohort). The primary endpoint of the study was DFS for the ITT 600 cohort, with OS and DFS in the ITT 800 cohort and in all randomized patients (ITT all ) as secondary endpoints.
The majority of patients enrolled into PROTECT had pT2N0 disease (77-79% across drug and dosing cohorts); less than 10% of patients had T4 or N1 disease, and approximately 14% of patients had high grade pT2 disease. After a median follow-up of approximately 30 months, the ITT 600 cohort did not meet the primary endpoint (HR 0.86, p = 0.16). After a median follow-up of 48 months, there was a significant benefit in DFS in the ITT 800 cohort (HR 0.68, p = 0.02) and ITT all cohort (HR 0.80, p = 0.01).
OS analyses did not demonstrate significant benefit in favor of pazopanib in any of the ITT 600 , ITT 800 , or ITT all cohorts.
In both the ITT 600 and ITT 800 groups, approximately half (49%) of patients completed 12 months of therapy. 51% and 60% of patients in the ITT 600 and ITT 800 cohorts, respectively, required dose reduction of pazopanib. Thirty-five and 39% of patients in the ITT 600 and ITT 800 cohorts, respectively, required treatment discontinuation due to treatment-related toxicities. Twenty-one percent of patients in the ITT 600 cohort were able to tolerate a protocol-defined dose escalation to the full 800 mg dose of pazopanib. Table 2 summarizes the key similarities and differences in study characteristics and outcomes of ASSURE, S-TRAC, and PROTECT. While it may be tempting to group these three studies together as adjuvant trials of VEGF-TKIs, there are many critical differences that must be noted in order to be able to reconcile the results of these studies.
DISCUSSION: RECONCILING ASSURE, S-TRAC, AND PROTECT

Dosing
In the original study design for ASSURE, the starting dose for sunitinib was 50 mg daily (given on a 4-weeks-on, 2-weeks-off schedule) and sorafenib 400 mg twice daily, per the manufacturer's label for metastatic disease. Due to high rates of treatment discontinuation due to adverse events, after approximately 1300 patients were already enrolled, doses of both drugs were reduced (sunitinib to 37.5 mg daily given on the same 4/2 schedule, sorafenib to 400 mg once daily), with a single dose reduction (sunitinib down to 25 mg 4/2, sorafenib to 200 mg once daily) allowed. Similarly, the starting dose of pazopanib in PROTECT was reduced from 800 mg once daily to 600 mg once daily (with dose reduction to 400 mg once daily allowed); in PROTECT, the primary endpoint of the study was changed to analyze the DFS in this reduced dose cohort. The ITT 800 cohort (∼25% of enrolled patients), despite the fact that less than half of the patients assigned to pazopanib completed 12 months of therapy, did demonstrate a DFS benefit, suggesting that the higher dose may be necessary to demonstrate a clinical benefit of adjuvant TKI therapy. Patients randomized to sunitinib on S-TRAC were treated with the full dose, with a single dose reduction to 37.5 mg daily on a 4/2 schedule allowed; S-TRAC is the only one of the 3 studies that did not change the starting dose of the TKI. Interestingly, S-TRAC also had the lowest treatment-related discontinuation rate: numerically, the treatment-related discontinuation rate was lower in S-TRAC compared to reduced-dose cohorts in the ASSURE and PROTECT studies. More patients completed the 1-year duration of adjuvant therapy on S-TRAC (56%) than the ASSURE and PROTECT studies (both less than 50%). Along with the results of the ITT 800 cohort in the PROTECT study, these results suggest that treatment intensity and duration may play a role in the clinical benefit of adjuvant therapy (at least for the DFS endpoint).
Patient characteristics
ASSURE stands out from this group of trials for including patients with non-clear cell RCC (21% of the patient population). It is unclear how this may have impacted the final results of the study. However, given that real world data suggests that patients with advanced non-clear cell RCC have worse prognosis and derive less clinical benefit from VEGF TKIs compared to their clear cell counterparts [32] , it may be reasonable to suspect that this may have contributed to a negative result in ASSURE. Furthermore, there are other significant differences in the patient characteristics of the three studies.
The ASSURE study also had the broadest risk profile of the three studies, including patients with pT1b disease (Fuhrman grade 3-4) . PROTECT allowed patients with at least pT2 (or any T provided they had N+ disease), and S-TRAC allowed patients with at least pT3 (or any T provided they had N+ disease). In all, approximately one-third of ASSURE patients had AJCC stage I/II disease, while PROTECT included half as many and S-TRAC did not include any such patients. These differences are reflected in the longer mDFS of the placebo group in ASSURE compared to the other studies. The differences in patient populations enrolled also make it more difficult to compare the results of the three studies head-to-head, although the data may suggest that patients at the highest risk of relapse may be the more likely to benefit from adjuvant therapy (i.e. lower risk patients are more likely to be cured, and thus less likely to benefit from systemic therapy).
Other study characteristics
As discussed above, the studies are more notable for their differences than similarities. For example, ASSURE was a cooperative group study that accrued patients in US and Canada, while PROTECT and S-TRAC were industry-sponsored phase III studies that accrued patients internationally. Another clear example can be observed in treatment discontinuation rates among studies: 44% of patients assigned to sunitinib in ASSURE discontinued therapy due to treatmentrelated toxicities, while only 28% of patients assigned to sunitinib in S-TRAC did the same, and 39% in the pazopanib-treated patients in PROTECT. It is unlikely that the etiologies of this discrepancy will ever be revealed.
Another notable difference was the approach in assessing the primary endpoint in the three studies: DFS was assessed by the investigator in ASSURE and PROTECT, while it was assessed by blinded, central, independent review in S-TRAC. It could be argued that investigator-based assessment may lead to an inherent bias. In fact, by investigator-assessment of DFS in S-TRAC, mDFS in both sunitinib-treated and placebo groups were shorter, and the improvement in DFS demonstrated by sunitinib was no longer statistically significant (p = 0.08).
DISCUSSION: FUTURE OF ADJUVANT THERAPY
Unfortunately, no clear recommendation for adjuvant VEGF-targeted TKI therapy emerges from the results of these three studies. While S-TRAC (and the ITT 800 cohort of PROTECT) does suggest potential benefit of full-dose TKI therapy in patients at the highest risk of disease relapse, physicians cannot ignore the fact that ASSURE and PROTECT, two much larger studies, were negative for the primary endpoint of DFS. Patients at low risk for disease relapse should not receive adjuvant TKI therapyenrollment in a clinical trial or surveillance remains the standard of care. Patients at high risk for recurrent disease should be informed that adjuvant sunitinib has received regulatory approval and is an option. However, there should be an informed discussion regarding the potential benefits and risks of adjuvant TKI therapy, including the fact that enrollment in a clinical trial or surveillance are viable options, as well.
Additionally, a question that all health care providers should ask: is DFS an adequate endpoint for an adjuvant study? The question becomes even more relevant here given the treatment "burden" of TKI therapy, reflected in the rates of significant toxicities, decline in quality of life measures, and treatment discontinuation seen in these clinical trials (in a select, and more fit, clinical trials population). None of the studies have demonstrated any suggestion of an OS benefit, although the median follow-up at the time the data were analyzed may have been too short for sufficient events.
Results of additional phase III adjuvant targeted therapies are pending (Table 3) . SORCE is a study of placebo vs 1 or 3 years of adjuvant sorafenib that is being conducted in the United Kingdom. ATLAS randomizes high risk patients to 3 years of adjuvant axitinib or placebo. EVEREST (S0931) is a cooperative group study that randomized patients to 1 year or everolimus or placebo. All studies have finished accrual and results are pending. However, given the differences in these studies, already discussed above for ASSURE, S-TRAC, and PROTECT, it is unclear if these studies will add any clarity beyond what we already know.
Checkpoint inhibitors have now entered the treatment landscape of advanced RCC. Nivolumab monotherapy demonstrated a clear survival benefit in patients with treatment-refractory clear cell RCC, and received regulatory approval in 2015 [33] . Recently [34] . IMmotion 151, a randomized phase III study of atezolizumab and bevacizumab vs sunitinib, met its primary endpoint of PFS in favor of the combination therapy in PD-L1+ patients [35] . Given the promising efficacy, as well as potentially lower toxicity rates of PD-1/PD-L1 inhibitors (particularly in the monotherapy setting), multiple adjuvant checkpoint inhibitor therapies are now accruing patients (Table 3) and results are eagerly anticipated. It is important to note that in all of the these studies the primary endpoint is DFS, with OS being analyzed as a secondary endpoint. Finally, the clearest shortcoming in adjuvant therapy is the lack of biomarkers. While 20-40% of patients with RCC may experience relapsed disease after nephrectomy, we do not know which 20-40%. More importantly, we do not know how to select patients who are most likely to reap the benefit of adjuvant therapy to make the burden of potential treatment toxicities tolerable to patients and their physicians. The fact is that the three studies discussed in this review have randomized over 4000 patients to answer the question of whether there is a role for adjuvant TKI therapy in RCC patients, and yet there is no clear answer. Another 2500 patients have been randomized in SORCE and ATLAS; another 1500 in EVEREST. Another 2400 patients will be randomized in the currently accruing adjuvant checkpoint inhibitor studies. This is after thousands of patients have already been randomized in the previous generation of adjuvant studies in RCC, without a single treatment that has led to meaningful clinical benefit for patients in the adjuvant setting. The rich correlatives that are part of ongoing studies promise better insight into patient selection -the immense and unmet clinical needs of patients demand it.
CONCLUSIONS
ASSURE, S-TRAC, and PROTECT are the first three studies to report on the efficacy of VEGFtargeted TKIs as adjuvant therapy in renal cell carcinoma. The studies have reported mixed results, with ASSURE and PROTECT both reporting negative results on the primary analyses of DFS and secondary analyses of OS, and S-TRAC demonstrating improved DFS in favor of adjuvant sunitinib in patients with UISS-high risk disease. Differences in study design, including patient eligibility (including risk assessment), dosing regimens, and DFS assessments make for difficult cross-study comparisons. The data suggest that there may be a role for fulldose adjuvant TKI therapy patients with completely resected clear cell RCC at the highest risk for disease relapse. However, when the results are taken in full, routine use of adjuvant TKI therapy cannot be considered standard of care at this time; patient selection is critical, as well as careful counseling regarding the potential risks and benefits of adjuvant TKI therapy. The lack of biomarkers for patient selection is a critical unmet need, and there must be greater urgency to develop predictive biomarkers as additional therapeutic modalities, including checkpoint inhibitors, are entering into clinical trials.
